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Introduction
Transition metal complexes (TMCs) have been used broadly in photochemistry, especially in solar energy conversion processes [1] [2] [3] based on their versatility in light absorption, excited state redox properties as well as chemical tunability. One of the important criteria to determine if a TMC is suitable for solar energy conversion applications is the excited state lifetime, often the triplet state lifetime, while the excited states before thermalization with short lifetimes are not fully explored. Historically, quantum mechanical calculations on TMCs were limited which also hindered our understanding of the unthermalized and relatively short-lived excited state TMCs as well as their applications. An active frontier in solar energy research is in search of low cost TMCs from the first row transition metals to replace those of high cost and relatively rare noble metal elements in many applications. [4] [5] [6] Recent studies have shown that some singlet excited state TMCs with picosecond lifetimes could be applied to useful to solar energy conversion processes if the charge separation/ injection processes are fast enough to compete with other excited state decay pathways. [6] [7] [8] [9] X-ray transient absorption (XTA) spectroscopy using synchrotron sources with approximately 100 ps time resolution has enhanced our understanding of TMS excited state structural dynamics significantly in the past two decades, [10] [11] [12] [13] [14] [15] [16] [17] [18] but many TMC excited state lifetimes are even shorter than 100 ps, which requires shorter pulsed X-ray sources, such as the X-ray Free electron lasers (XFELs) to study in addition to commonly used ultrafast laser spectroscopic methods. We have seen so far several examples of XTA from the new sources 9, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and expect many exciting results will come from these X-ray sources as well as table top X-ray sources with high harmonic generation with femtosecond time resolution in coming years.
Here we report our recent studies of TMS structural dynamics using an XFEL source, the Linac Coherent Light Source (LCLS). Compared to synchrotron sources, X-ray absorption spectroscopic measurements face new challenges due to the limited spectral range accessible to cover extended X-ray fine structure (EXAFS) region. Currently, the X-ray absorption measurements rely on the spectral fluctuation of self-amplified spontaneous emission (SASE) process of the source, which, depending on the energy, can cover 40 -50 eV range near a central energy at the LCLS, sufficient for obtaining X-ray absorption near edge structure (XANES) spectra and X-ray emission (XES) spectra as shown in the literature. Therefore, the current femtosecond X-ray spectroscopy is focused on resolving excited state electronic structure while the nuclear geometry information is largely obtained by wide angle solution X-ray scattering.
Using this state-of-the-art source, we have obtained a number of XANES spectra at the Ni K-edge of nickel(II) tetramesitylporphyrin (NiTMP) and at Cu K-edge of copper(I) bisdimethyl-phenanthroline ([Cu(dmp) 2 ] + in dilute solutions on a timescale from 100 fs to 50 ps, providing insight into their sub-picosecond electronic and structural relaxation processes. We mainly present here the results on NiTMP and highlight the discovery of a transient reduced state Ni(I) (π, 3d x2−y2 ) electronic state that was only be captured through with the femtosecond time resolution at the LCLS. Moreover, quantum mechanical calculations were carried out for both structures of the valence excited state and inner shell transitions which can be used to interpret our observed experimental results and gain insightful information on the electronic structures of the excited state as well as the interplays between energy levels of molecular orbitals with nuclear geometry changes. The observed and computed inner shell to valence orbital transition energies demonstrate and quantify the influence of electronic configuration on specific metal orbital energies. A strong influence of the valence orbital occupation on the inner shell orbital energies indicates that one should not use the transition energy from 1s to other orbitals to draw conclusions about the d-orbital energies.
These studies have brought new insights into electron and nuclear motions as the result of the light excitation. The information obtained here will help in designing new TMC based artificial photosynthetic systems, such as photocatalysts for solar fuel generation.
Results and discussion
The results from experimental measurements and calculations described below will here establish the NiTMP excited state kinetic scheme of Figure 1 and provide insight into how the evolving nuclear structure and electronic structure are interrelated as this decay occurs. This study allows us to capture the electronic configuration of the short-lived Ni(I) T′ state on the sub-ps timescale. The combined experimental and computational results that describe electronic transitions involving the inner shell electrons enables us to characterize properties that are not directly measureable using other ultrafast methods.
Excited State Pathways on Ultrafast Time Scales
NiTMP in solution has been chosen because it represents metalloporphyrins with open-shell transition metals whose excited states are short-lived and poorly understood due to the coupling between the molecular orbitals (MOs) involved in the initial (π, π*) excited state with metal d electron dominant MOs involved in light-activated redox reactions. 29 In our previous studies as well as others [30] [31] [32] [33] [34] [35] [36] using both optical and X-ray transient absorption spectroscopies, the excited state decay kinetics of NiTMP can be outlined by Figure 1 .
Briefly, the electronic configuration of Ni(II) (3d 8 ) in a nearly square-planar ground state S 0 has an vacant 3d x2−y2 MO and a fully occupied 3d z2 MO. 37 The S 0 →S 1 transitions in NiTMP can be induced by π→π* transition at the Q-band centered at 530 nm. Within 300 fs of the excitation, S 1 is believed to convert, through energy transfer to an intermediate state T′ that then undergoes vibrational relaxation in less than 20 ps to a relaxed singlet or triplet state, T with a presumed 1, 3 (3d x2−y2 , 3d z2 ) configuration, 38 where 3d x2−y2 and 3d z2 MOs are each singly occupied with an unsolved spin state. [39] [40] [41] [42] The T → S 0 transition takes place with a time constant of ~200 ps. The electronic configurations of these excited states have been assigned largely according to computational results that describe charge-transfer states of transition metalloporphyrins with unfilled d orbitals. 43 Using the Advanced Photon Source (APS), a synchrotron source at Argonne National Laboratory, we previously carried out XTA measurements for NiTMP where the Ni-N bond elongation and porphyrin planarization at the T state were determined. The identity of the T′ state, however, remained to be unknown then. The previous study also identified the electronic configuration at the T state with single occupation in the two highest energy 3d MOs, 3d x2−y2 , 3d z2 .
From the LCLS results, Figure 2 displays the time evolution of the NiTMP XANES spectra as a function of the delay time between the laser pump pulse and X-ray probe pulse, ranging from −5 ps to 100 ps covering the time window that the synchrotron studies could not access. As shown in Figure 2 , the ground state XANES spectrum collected at −5 ps time delay and the T state XANES at 100 ps time delay are largely the same as those obtained previously shown in the inset of Figure 2A . 10, 44 These peaks are assigned to the 1s → 4p z transition. 45 Spectral features at 8351 eV are contributions from multiple scattering resonances and transitions from Ni 1s to 4p x and 4p y orbitals hybridized with porphyrin N 2s orbitals. In the pre-edge region from 8330 to 8336 eV are the weak quadrupole-allowed 1s → 3d transitions, which directly probe the vacant the 3d electronic occupations, 46 according to the Ni coordination geometry and electronic state. Although the 4p MOs are not directly populated by valence transitions in our experiment, the energies induce 1s → 4p transition are indicators for structural changes in the complex due to the correlations of the sensitivity of the TMC MOs to the geometry as observed in many complexes from the static XANES spectra.
The excited pathways S 0 → S 1 →T′ → T transformation kinetics are extracted by analyzing the time dependent signal intensity in the difference spectra ( Figure 2B ) at three distinctive energies (shown by dashed vertical lines) at which assigned spectral features as afore mentioned can be followed. The peak position of the 1s → 4p z transition for the S 0 state at 8339.2 eV clearly shifts to 8340.8 eV, which are the same as in the synchrotron results within the experimental error. Notice that the relative peak heights at 8339 eV in the S 0 state spectrum and at 8341 eV in the T state are different due to compositions of the ground state contribution. The ground state contribution has been removed from the synchrotron spectrum for the T state (red curve in the inset of Figure 2A ), while it remains in the LCLS spectra due to the difficulty to resolve sequential kinetics within a few picosecond after the excitation and distinguish the spectral difference from more than two states. In comparison, the synchrotron data with ~100-ps time resolution only involve two states, S 0 and T with the contributions from S 1 and T′ neglected because they cannot be resolved and have minimal contribution beyond a few picoseconds delay. In the white line region, a peak feature shifts from 8359 eV to 8353 eV. While the σ* x,y orbitals should shift to lower energy in the excited state as the Ni-N distances expand and the hybridization between the Ni 4p x,y and Ni 2s orbitals is weakened, 47 the 4p z transition blue shift cannot be explained initially because this MO should have minimal influence for the valence transitions considered here induced by the laser excitation because main structural changes as observed in previous synchrotron results are Ni-N bond expansion in the x-y plane.
A different view from the difference spectra in Figure 2B is presented in a contour plot in Figure 3 . A transient feature at 8337 eV rises within ~100 fs of the pump pulse, peaks to its maximum amplitude in 400 -800 fs, and disappears within 2 ps (see the orange patch). From then on, the XANES difference reflects an increasing population of T state that rises to its maximum within ~ 10 ps after the excitation.
The presence of this short-lived T′ state can also be visualized by the time evolution of the 1s → 4p z peak from the ground state to the T state by comparing the kinetics of the bleach recovery of the ground state 1s → 4p z peak and the rise of the corresponding peak as the T state is generated. At the first glance the ground state depletion proceeds with a time constant of <1 ps, while the growth of the T state seems to have a rapid rise within ~200 fs and then a slower rise to the maximum peak height. The apparent kinetics seems to be against a common sense that the ground state depletion must be faster than other processes. Other dynamic spectral features on the same timescale include an apparent delay between the rise of the white line peak feature at 8353 eV, which is an indication of the Ni-N bond elongation as seen in the T state, and the rise of the 1s → 4p z the T state associated peak. Although at the high energy boundary of the XANES spectrum the X-ray photon flux drops, resulting in noiser difference spectra, a growth of this feature in about 2 ps is clearly observed, suggesting a nuclear geometry change, most likely the Ni-N bond expansion due to the electronic configuration changes. The complication of a sequential kinetics and limited spectral region accessible prompted us to examine the kinetics beyond what appear in the time dependent signals at three energies mentioned above.
The Sequential Excited State Decay Kinetics
Averaged traces at the three characteristic energies were globally fit to a sequential kinetics model below: (1) where k i (i = 1 -3) is the rate constant and its inverse 1/k i is τ i , the time constant for the i-th step of the reaction. The sequential kinetics for each species therefore can be expressed by the Equation (2) below:
The signals at different energies can therefore be described as Equation (3): (3) where i is the index of the states, i = 0 -3, corresponding to S 0, S 1 , T′, and T states, A i (E) is the relative absorption of the ith state at E, and P i (t) is the population of ith state at t. The relative absorption of the ground state S 0 , A 0 (E) and that of the T state, A 3 (E) were obtained from XANES spectra at time delays with only the S 0 and T states present, which enables the T spectrum to be extracted by subtracting a fraction of the S 0 state contribution. The relative absorption A 1 (E) of the S 1 state is assumed to be identical to that of A 0 (E) because the (π, π*) excitation is confined only on the macrocycle with very little effect on Ni. A 2 (E) for the T′ state was treated as a variable during the fits. A total was then convoluted with a Gaussian instrument response function (IRF) of ~300 fs due to the time drift of X-ray pulses. The data can be well-described by the kinetics scheme in Equation (1) and the spectral contributions in Equation (2) with three time constants, 1.0 ps, 0.08 ps, and a much longer one beyond the experimental time window. This long time constant, based on the previous studies, is ~200 ps assigned as the lifetime of the T state. 44, 48 Because A 2 (E) (Equation 2) is treated as a fitting variable, the assignment of 1.0 ps and 0.08 ps components to τ 1 and τ 2 is interchangeable in Equation (2) . The two alternative assignments of τ 1 and τ 2 can be distinguished by taking into account of the T′ absorption signals. With τ 1 = 1.0 ps and τ 2 = 0.08 ps, it requires T′ to have a much stronger signal than the ground state at 8337 eV and little population accumulation. When τ 1 = 0.08 ps and τ 2 = 1.0 ps, the rise of T will be much slower than observed in the experiment. The two scenarios can be distinguished based on the T′ signal amplitude at 8337 eV, and the first alternative is preferred in order to fit the observed kinetics. The kinetics for the formation and decay of T′ by apparent rise and decay can be easily misinterpreted as a sub-ps rise and a few ps decay while the true kinetics can be characterized by so called reverse kinetics where the decay is much faster than the rise. The errors for τ 1 and τ 2 are defined by 0.5fwhm of the IRF at ~0.15 ps, while the above results are best fit in the global analysis. The IRF has been improved at the XPP station recently to be sub-100 fs, but it was not completely implemented at time of our experiment.
Although the global fitting of kinetic traces at multiple X-ray photon energies can assist us to obtain rate constants for the sequential kinetics in Equation (2), the relative contributions from the species the XANES signals could only be confidently determined with the assignment of the difference XANES spectral feature at the 1s → 4p z transition peak of the T′ state. The global fitting under a kinetic scheme obtained from ultrafast optical transient absorption as well as the spectral assignments in terms of the inner shell to valent orbital transition energies from the calculations (shown below) are required to extract the true kinetics and capture the unknown species. The global fitting at three X-ray photon energies shows that while T′ has a small contribution to the total signal, its formation and decay lifetimes have a dramatic impact on the XAS signal kinetics. Although the kinetics of the T′ state absorption initially appear to be the result of an ultrafast generation rate (τ 1 ) −1 and a relatively slow decay rate (τ 2 ) −1 of the T′ species, the T′ population evolution can be described by the integrated rate law in Equation (2).
Relaxation through a charge transfer (CT) state that produces a transient Ni(I) intermediate has been previously hypothesized based on double-excitation optical methods. 49 Such a CT state has also been implicated as the route of excited porphyrin deactivation 50, 51 by pumpprobe photoelectron spectroscopy measurements which report fast time constants for the evolution of the NiOEP excited state absorption very similar to this work (100 fs and 1.2 ps). A short-lived T′ state is also compatible with previous work confirming the presence of the T state on the picosecond time scale, 52, 53 which depicted the S 1 relaxation process as a simultaneous transfer of the excitation from S 1 to T, and observed slower decay processes as vibrational cooling of a hot T state. During the first 10 ps after excitation, vibrational relaxation processes may also influence the XANES in subtle ways before the T state is fully thermalized. Nuclear movement during vibrational cooling will affect the 3d orbital energies, especially those involved in coordination to the porphyrin ring, which would be reflected in the dynamics of the 1s → 3d transition region as general broadening of the 3d transitions in T. Such influence of the coordination geometry to the linewidth of the 1s → 3d transition was also observed in the ground state with coexisting multiple conformers. 2 This may provide some explanation of the shape of the 3d transitions at 10 ps, although a full description of the relaxation processes in terms of nuclear movement requires additional measurement with more direct structurally sensitive techniques, such as extended X-ray absorption fine structure (EXAFS) or wide angle X-ray scattering (WAXS). In the past synchrotron XTA experiments, we normally dealt with only two species at two delay times, the ground state at negative delay before the laser pulse, and the excited state at a positive delay with the laser excitation. Because the spectral feature of the ground state is known, its contribution can subtracted from the total signal to extract the excited state spectrum if the fraction of the remaining ground state is known. At the LCLS, as shown by Equation (3), the relative contributions of each species to the total signal vary as a function of the delay time, and a very good kinetic scheme as well as the spectral assignments will be required to extract the kinetics of each transient species in the excited state trajectory.
Ni 3d Electron Configuration Dynamics
The electronic configurations of Ni transient states can be captured by time evolution of the pre-edge features from quadrupole-allowed transitions from 1s to vacant 3d which provide directly the electronic configuration information of the vacant 3d orbitals. We have determined the pre-edge features for S 0 , a single peak assigned to the 1s → 3d x2−y2 transition arising from the Ni(II) 3d 8 electronic configuration of (3d z2 ) 2 (3d x2−y2 ) 0.44 Also determined were the pre-edge features for the T 1 state where the two peaks were assigned to the 1s → 3d x2−y2 and 1s → 3d z2 transitions respectively for the (3d z2 ) 1 (3d x2−y2 ) 1 electronic configuration. In the LCLS experiment, the time evolution of the pre-edge features were captured in a much higher time resolution as shown in Figure 5 . Before the laser excitation, the pre-edge of S 0 again shows a single peak as we observed before. At t = 1 ps, the magnitude of this peak is diminished and slightly red shifted, while by t = 10 ps the pre-edge features are significantly broadened with some intensity growing in at lower energy. At t = 50 ps, the double peak features for T 1 are observed again. Due to the weak signals from the pre-edge, we could only take a few discrete time points, which may have missed the rise of the double peak feature, while we can still suggest that the double singly occupancy at 3d x2-y2 and 3d z2 could have appeared between t = 10 -50 ps. The absence of sharp split peaks by 1 ps is consistent with the presence of intermediate T′ 1 at this delay time. The interesting part of the result is the visualization of the transient Ni(I) species in T ′ 1 an intramolecular charge transfer state where the electronic occupation is (3d z2 ) 2 (3d x2−y2 ) 1 from the relaxation of the S 1 (π,π*) state via charge transfer to Ni(II). The partial occupation of the 3d x2-y2 orbital diminishes the probability of the 1s → 3d x2−y2 transition. The T′ decay to T 1 is a second charge transfer event, filling the hole in the π orbital and resulting in a Ni(II) d-centered excitation.
Excited State Electronic Structures of NiTMP from XANES and Calculations
Although one can obtain XANES spectral features for different transient states of NiTMP, the precise assignments of these features can be benefit from electronic structural calculations from which the XANES transition features can be obtained to compare with the experimental results. Although calculations for the ground state TMCs become relatively routine processes, the corresponding calculations for the valence excited state as well as the corresponding inner shell transitions are rare. DFT and TDDFT calculations identified possible electronic states participating in the relaxation pathway. Ground and excited state geometry optimizations of these potential intermediate electronic states provided their relative energies and structural characteristics as shown in Figure 6 .
Using the optimized ground state geometry, the S 1 state Frank-Condon excitation energy is computed which is 2.31 eV above the ground state. Any intermediate states in the singlet manifold should be rapidly populated. The TDDFT excited state geometry optimizations performed on the lowest lying singlet excited states found the lowest A state at 1.31 eV and the lowest B state at 1.81 eV. The lowest A singlet state, which possesses (π, 3d x2−y2 ) orbital character, is chosen as a point of probable intersystem crossing and triplet states computed using the geometry optimized in this lowest A state provides a probable candidate for the identity of T′ because it resides in the singlet manifold of the lowest energy state and its energy proximity of the singlet and triplet of (π, 3d x2−y2 ) character. The T′ state with a (π, d) configuration is identified with a (3d z2 ) 2 (3d x2−y2 ) 1 configuration due to the observed XANES pre-edges.
Relaxed geometries for the ground, S 1 , T′, and T states show significant differences in their structures, with the calculated Ni-N bond lengths of 1.94, 2.02 and 2.04 Å, respectively, and the macrocycle structure from a significant out-of-plane ruffling distortion to largely planar conformation. The Ni-N bond lengthening for the T state is very similar to the synchrotron results. 44, 54 Interestingly, the calculated Ni-N bond lengths for the T′ state are almost the same as the T state, suggesting a structural similarity between the geometry of the relaxed T ′ and T states around the Ni centre.
In order to compute the XANES features based on the molecular structures and valence electronic configurations, a series of inner shell bound transitions were calculated using the solutions to the Self Consistent Field (SCF) equations that converge to at a higher energy than ground state solutions that have long been recognized as useful approximations to excited state wave functions. [55] [56] [57] In order to obtain these higher-energy SCF solutions, a set of natural transition orbitals (NTOs) 58 for the state of interest was first generated at the excited state geometry. The initial guess for the SCF density of this higher-energy solution was then formed by a HOMO-LUMO swap of the dominant NTOs. A second-order optimization scheme was then used to converge to the state of interest. 59 The XANES features for the intermediate states were calculated with ES-TDDFT. Due to the neglect of scalar and spin-orbit relativistic effects in this simulation, the calculated transitions are much lower in energy than the experimental results. However, it has been shown that these operators have little effect on relative transition energies 60 and uniform shifts are routinely applied to calculated XANES spectra to better compare transition energies with experimental data. [60] [61] [62] A uniform shift of 172 eV (~2% of the Ni K-edge energy) is applied to all calculated spectra and all transitions are convoluted with Gaussian functions to match experimental lineshapes; 2.2 and 1.8 eV FWHM for the 4p z and 3d transitions respectively.
The electronic environment around the Ni remains essentially the same from S 0 to S 1 , so little change is seen in the dominating 1s → 4p z transition from the calculation. The observed blue-shift of the T 1s → 4p z transition feature compared to S 0 is also reproduced in the calculation. More interestingly, a red shift for the 1s → 4p z transition is produced from the calculation also as observed for the T′ state. The calculated results clearly identified the origin of these shifts. For the T′ state, the red-shift of its 1s → 4p z transition peak, based on the calculated results (Table 1) , is due to the energy rise of the 1s core level energy by about 2 eV, reducing the energy gap between 1s and 4p z orbitals, while the 4p z orbital energy only changes on the order of 0.1 eV. This could be due to the transient reduction of the Ni(II) to Ni(I) which gives rise of the red-shift at the edge. For the T state, the blue shift of the 1s → 4p z peak could also also originate from simultaneous lowering of the 1s core level energy by ~1.2 eV and the 4p z energy level by < 0.2 eV to give rise to the blue shift by 1 eV compared to the experimental value of 1.5 eV, with the difference comparable to the energy resolution of the experiments. In addition, the calculations also successfully reproduced the trend of the 1s → 3d transitions with the expected 3d electronic configuration and nuclear geometry (not shown).
We can therefore conclude that the 4p z transition energy is largely determined by the electronic state of the Ni, which is in line with the fact that the shift in the 1s energy dominates the observed shifts and that 4p z has less interaction with ligand orbitals than other valence Ni orbitals.
What we have learned about interplay between electronic and nuclear structural changes in the excited state NiTMP?
The time scale in structural dynamics studies enabled by the LCLS allows us to directly probe transient metal orbital energies and occupancy as well as interplays of photoinduced electronic configuration changes and molecular orbital energies before excited state thermalization. While ultrafast optical transient absorption measurements can obtain kinetics of the S 1 state decay, optically dark metal centered electronic state, or metal centered orbital energy changes in the subsequent excited states are often elusive by these methods. This study has directly obtained energies of the transitions 1s → 3d and 1s → 4p z in Ni for different electronic states from the experimental and computational studies which appears to be a key to extract the information regarding the interplays between electronic and nuclear movement in the excited state since the transient EXAFS is not currently available in the Xray free electron source.
Moreover, only the comparison between the 1s to 3d and 4p transition energies obtained from XANES and calculated energies of these orbitals can provide the information about the origin of the transition energy changes and quantity the influence of the valence excitation and the energy level of the core orbital. The experimental results only could not identify the red-shift of 1s → 4p z transition is an evidence of the T′ state formation and the evidence could be misinterpreted or missed entirely without the computation. With the assignment of T′ to Ni(I), T′ state formation can be understood as the intramolecular electron movement from the macrocycle to the metal center 3d x2−y2 orbital, causing greater nuclear shielding and therefore a lower electron binding energy. The rise of the 1s orbital energy in turn reduces the 1s → 4p z transition energy in the T′ state, analogous to the core-level shift seen in X-ray photoelectron spectroscopy (XPS) 63 and the effect of oxidation transition edge energies in previous XAS experiments. 64, 65 The 2 eV rise of the Ni 1s orbital energy due to the formation of Ni(I) and associated nuclear structural change reminds us that the energy of the core orbital can be affected by the valence excitation although only less than 0.1% respect to the core transition energy, it is sufficiently large to affect our interpretation of the XANES results.
The results reported here also provide direct information on the mutual influence between molecular orbitals associated with the metal center which has been difficult to obtain with other means. This red shift resulted from the formation of the transient Ni(I) is the first direct observation of this intermediate state in this system. A strong influence of the valence orbital occupation on the inner shell orbital energies indicates that one should not use the transition energy from 1s to other orbitals to draw conclusions about the d-orbital energies. As calculated, only ~0.2 eV of the ~2 eV shift in the 1s → 4p z transition energy change is from the changes in the 4p z orbital from S 0 to T′. The blue shift in the 1s→4p z transition energy of the T state can again be attributed to a change in the repulsive potential felt by the core electrons due to more antibonding electrons with weaker interactions with the core. Consequently, this change reduces the repulsive potential felt by the Ni 1s electrons, lowering the 1s orbital energy, and increasing the energy gap for the the 1s → 4p z transition by 1.5 eV relative to that of the ground state. The identification by TDDFT of T′ as the lowest energy singlet as well as a state with a triplet state lying close in energy lends credence to the identification of T′ as a (π, d) state. The optimized geometries of the involved electronic states (Figure 6 ) provide insight into the behavior of the NiTMP structure in response to electronic changes and the subsequent energetic rearrangement of Ni orbitals.
Macrocycle expansion and flattening in the T state is explained based on the net movement of electron density from 3d z2 to 3d x2−y2 in the porphyrin plane destabilizing the Ni-N bonds, which leads to the bond elongation. Such an electronic movement makes the effective radius of Ni(II) larger than in the S 0 state and significantly removes the need for the non-planar distortion of the porphin to accommodate the unusually short Ni-N bond length. Interestingly, the calculated Ni-N bonds in the Ni(I) of the T′ state already have the majority of the lengthening of the Ni-N bond, suggesting that even with only one additional electron on the 3d x2−y2 orbital could cause substantial nuclear geometry change. This is the direct evidence for the interplays between the electronic and nuclear structures of a TMC.
In the ground state, Ni porphyrins have a low barrier to interconversion between various distorted conformers of the macrocycle, 66, 67 relative broadness of the 1s → 3d x2−y2 transition peak. 54 The lowest in energy of these conformers based on our calculations is a ruffled geometry. Out-of-plane distortions are structural factors that influence electronic state energies mainly through the destabilization of the π and 3d x2−y2 orbitals, an effect that when taken to a greater extreme in substituted Ni phthalocyanines (Pc) begins to lead to longer CT state lifetimes. The octabutoxy substituted Ni(II)Pc have been described as having long-lived LMCT states with lifetimes in the hundreds of picoseconds. 68, 69 Based on our studies on Ni(II)TMP with preferred planar structure to accommodate the Ni(I) species, one can relate the results from Ni(II)Pc to suggest using planar Ni(II) species as potential reducing catalysts, even though such correlation remains to be investigated in the future.
Experimental 1. Ultrafast XANES Spectroscopy
Ultrafast XANES spectra were collected for an 8 mM solution of NiTMP in toluene at the X-ray Pump-Probe (XPP) station of the LCLS 70 using a similar experimental configuration as previous XANES measurements at XPP. 19 The sample solution was delivered as a flat 100 μm thick liquid jet where the laser and X-ray overlap nearly collinearly in a nitrogen filled chamber. The "pump-probe" cycle of was at 120 Hz repetition rate. The pump laser pulses are from the output of an optical parametric amplifier (OPA) at 527 nm with a pulse duration of 50 fs (FWHM). The laser pulse energy at the sample was between 15 and 18 μJ with a spot size of ~0.1 mm diameter. Ni K-edge (8333 eV) XANES spectra were collected by scanning a Si(111) double crystal X-ray monochromator across the XFEL SASE bandwidth. The ~50 fs pulse duration X-ray probe pulses have significant bunch-to-bunch spectral and temporal fluctuations, resulting in a time-integrated energy bandwidth of ~50 eV at the Ni K-edge. The monochromatic X-ray beam was focused to a ~0.1 mm diameter spot at the sample. To obtain the kinetics at a specific energy, scans of the pump-probe delay were performed at the fixed photon energies as described in the results. For both scan types, the XANES signal was collected with two seconds integration time and a total of 240 single pulses were used at each energy step.
XANES spectra via Ni K α X-ray fluorescence were collected using two solid state passivated implanted planar silicon (PIPS) point detectors (Canberra, Inc.) each equipped with a set of Z-1 filter and soller slits to minimized the elastic scattering signals. The raw data from XANES scans were smoothed with the locally weighted regression method.
To account for timing jitter in the X-ray pulses, individual shots were re-binned in time for time delay scans according to up-stream diagnostic RF cavities ("phase cavities") that record the average electron bunch arrival time. This signal is used to account for the long-time drift in the average pulse arrival time and replaces and enhances the overall time resolution of the experiments. After phase cavity re-binning, the time resolution of the experiment was reduced from an estimated 400 fs to 300 fs based on the FWHM of the Gaussian instrument response function (IRF) obtained as a fitted variable in the fits of the time delay scans.
To obtain kinetics for the NiTMP XANES evolution, signals at a chosen X-ray photon energy were collected as a function of the pump-probe delay time as shown in Figure 4 . These kinetic traces were fit globally to a sequential kinetic scheme in Equation (1) . Based on this scheme, the relative populations of each species as a function of the delay time were simulated by numerical integration of a set of differential equations shown in Equation (2) . These are the differential rate expressions for each species included in the kinetic scheme. τ 1 , τ 2, and τ 3 are assigned to the first second and third steps in Equation (1) respectively. These components were weighted by their relative absorption at each energy and the total simulated kinetic traces were fit to the experimental traces using a non-linear least squares method to obtain time constants for each step as shown in Equation (3) as described earlier.
Electronic Structure Calculations
To understand the overall electronic and structural evolution of the NiTMP excited states and to ascertain how changes in the electronic and nuclear structure as the molecule relaxes are reflected in the experimentally observed XTA signals, each electronic state in the proposed mechanism ( Figure 1 ) was modeled separately. Initial DFT and TDDFT calculations using the BP86 functional were employed to probe the basic orbital structure of NiTMP and its excited states using the ADF package (ADF2013.01 71, 72 ). A double-ζ polarized (DZP) basis set was used for the description of C, N, and H atoms, and a triple-ζ polarized (TZP) basis set was used to describe the atomic orbitals of Ni. This combination of functional and basis set has previously described the orbital structure of a related Ni compound with high accuracy. 73 Subsequently, the geometries of the ground and each intermediate excited state were optimized with the BP86 functional [74] [75] [76] and the 6-31G(d) basis set 77, 78 using a development version of the Gaussian software package. 76 The X-ray absorption was calculated with energy-specific TDDFT (ES-TDDFT) 79, 80 using the PBE1PBE and Ahlrichs' def2-TZVP basis set 81 with diffuse functions on the nickel atom. [82] [83] [84] For all calculations of X-ray absorption spectra, the mesityl groups on the porphyrin have been replaced with methyl groups to reduce computational cost.
Conclusions
Ultrafast excited state pathways for an open shell metalloporphyrin Ni(II)TMP are obtained based on XANES spectra at the Ni K-edge with ~100 fs time resolution at the LCLS, providing insight into its ultrafast electronic and structural relaxation processes. Importantly, a transient Ni(I) (π, d) electronic state (T′) is captured as an intermediate from analyzing the spectral data and quantum mechanical calculations.
The observed and computed inner shell-to-valence orbital transition energies demonstrate and quantify the influence of electronic configuration on specific metal orbital energies. The strong influence of the valence orbital occupation on the inner shell orbital energies indicates that one should not use the transition energy from 1s alone to draw conclusions about the dorbital energies of different states. A transient electronic configuration could influence dorbital energies up to a few eV and any potential photocatalytic application should account for this to ensure that energy levels are well matched and that the photoexcitation can be used optimally in driving desirable processes.
NiTMP structural dynamics have been deduced from DFT optimized geometries and structurally sensitive features in the Ni K-edge XANES. The influence of the porphyrin macrocycle conformation on relaxation kinetics may be significant enough to affect the kinetics that govern the limited population accumulation of Ni(I). The short lifetime of the T ′ state and the delay of the nuclear rearrangement to a longer Ni-N bond length and flattened macrocycle with respect to its formation suggests the still-ruffled macrocycle expedites T′ decay. A. Ni K-edge XANES spectra of NiTMP obtained at the LCLS at different time delays and at APS (inset) for the ground and T state (~100 ps delay limited by the APS pulse duration); B. difference XANES spectra with three dashed lines aligned with three X-ray photon energies at which the kinetic curves were collected. The local contour plot of the difference spectra shown in Figure 2B where the three lines mark the energies where the kinetics data are obtained. The orange patch at 8337 eV suggests the rise and decay of a transient state within ~ 2ps of the excitation. The time evolution of the pre-edge 1s to 3d transition features. Table 1 Orbital energies for the electronic ground state and changes in those energies in various excited states 
